ABSTRACT Due to the increased environmental pollution, hybrid vehicles have attracted enormous attention in today's society. The two most important factors in designing these vehicles are size and weight. For this purpose, some researchers have presented the use of the dual-mechanical-port machine (DMPM) in hybrid electric vehicles (HEVs). This paper presents two modified converter topologies with a reduced number of switching devices for use on DMPM-based HEVs, with the goal of reducing the overall size and weight of the system. Beside the design of the DMPM in the series-parallel HEV structure along with the energy management unit, the conventional back-to-back (BB) converter is replaced with nine-switch (NS) and five-leg (FL) converters. These converters have never been examined for the DMPM-based HEV, and therefore, the objective of this paper is to reveal the operational characteristics and power flow mechanism of this machine using the NS and FL converters. The simulation analysis is carried out using MATLAB/Simulink considering all HEV operational modes. In addition, two proposed and the conventional converters are compared in terms of losses, maximum achievable voltages, required dc-link voltages, the rating of the components, and torque ripple, and finally, a recommendation is made based on the obtained results.
I. INTRODUCTION
Due to the environmental issues and the limited resources of the fossil fuels, the use of zero-emission or low emission vehicles like electric vehicles (EVs) and hybrid vehicle (HV) technologies is increasing nowadays [1] . A hybrid vehicle that includes an internal combustion engine (ICE) and an electric motor is called hybrid electric vehicle (HEV). According to various configurations, the HEVs can be divided into three categories: series, parallel, and series-parallel schemes [2] . In the series-parallel HEVs, the mechanical operating points (torque and speed) of the ICE and the wheels characteristics are autonomous. Therefore, the ICE can be controlled to operate in the high-efficiency region of its characteristic. With the The associate editor coordinating the review of this manuscript and approving it for publication was Tariq Masood.
operation of the ICE in this region, the minimum fuel consumption of the vehicle can be guaranteed [3] . Moreover, in a series-parallel structure, the ICE can deliver most of its power to the wheels without multi-stage conversion. The earlier feature is due to the parallel part of the series-parallel structure, while the later one is due to its series nature [3] , [4] . The overall performance of the series-parallel HEV is such that, when the ICE efficiency is low in the starting and braking modes, the vehicle's drive system decouples the ICE and the vehicle is driven out by the electric motor connected to the wheels, powered by the battery. This strategy allows the ICE to link with the wheels only when its efficiency is high. In this case, the vehicle's efficiency will increase and the fuel consumption and pollution will decrease as well. Despite this optimal performance, there are still some disadvantages in the HEVs structure. In particular, the implementation of above system requires one additional electrical machine and a mechanical version of a continuous variable transmission (CVT) called planetary gear set to link the ICE and both electrical machines to the wheels [5] . These requirements increase the weight, size, frictional losses, audible noise, and maintenance cost of the HEVs [6] . To overcome these requirements, researchers proposed Dual Mechanical Port Machine (DMPM) as an alternative [7] , [8] . Due to the structure of the DMPM, it can operate as a motor and a generator. In addition, there is no need for a planetary gear, because the DMP machine is an electrical variable transmission (EVT). As a result, the size and cost of the system will be reduced [9] . Considering the main concept of the EVT, different types of modified DMPM has been reported in literature [10] - [15] . In [10] and [11] , the single-layer squirrel cage outer rotor based DMP machine (SCDMP) is presented. Since the PM is removed from the inner rotor, compared with the first version of the DMPM, the cost of the machine reduces and the thermal robustness increases. A hybrid excitation on the single layer of the PM based EVT consists of a PM and a dc-field winding is reported in [12] . The later excitation regulates the stator flux linkage to minimize the iron and copper losses in the machine at the same time by optimal control of the dc current. In [13] , a novel brushless dual mechanical port flux-switching PM (BDMP-FSPM) is presented for a plug-in HEVs. In that paper, a non-contact magnetic planetary gear (NC-MPG) is used instead of the mechanical version of the CVT. Since the internal gap of the motor is completely utilized, the overall size of the motor is reduced and the power and torque density can be further improved. A new magnetic field-modulated brushless dual rotor machine (MFM-BDRM) and its speed, torque, and power characteristic of the speed, torques, and power were analyzed in [14] and [15] .
Another crucial issue related to both EVs and HEVs is the required power electronic converters in order to interface different electrical parts. In hybrid electric vehicles based on the independent motor and generator, there is a need for the bidirectional six-switch converter for each machine along with a DC-DC converter as an interface between battery and DC-link [16] - [18] . Various types of DC-DC converters, which are mostly appropriate options for EVs, have been investigated in previous research works [19] - [21] . In [19] an interface topology suitable for charging the batteries of an EV is reported. That converter is able to provide both buck and boost modes as well as the power factor correction. A modified non-isolated single-inductor multiple-input buck DC-DC converter, which can be considered as an appropriate choice for hybrid dc sources based pure electric vehicle is addressed in [20] . For same application, a multi-input DC-DC interface, which is able to integrate three DC-sources such as photovoltaic (PV) system, fuel cell (FC), and energy storage system (ESS), is presented in [21] . Unlink the DC-DC conversion systems, which have experienced many improvements, DC-AC conversion parts of EV/HEVs have not been strongly explored in previous literature. An integrated multilevel converter of switched reluctance motors (SRMs) supplied by a modular front-end circuit for plug-in hybrid electric vehicle (PHEV) applications is developed in [22] . In [23] , the nine-switch (NS) converter is used to supply two electrical machines that play roles of the motor and generator in the HEV for simple modes. That paper does not use the real dynamic model of the vehicle (merely used two machines to show the HEV performance), the energy management unit, and the standard driving cycle. In [24] , a five-leg power electronic interface is used to drive two permanent magnet synchronous machines (PMSM) in order to independent control of wheels in EV application. An indirect matrix converter (IMC) structure for HEV applications with three-phase and single-phase outputs is reported in [25] . For the DMPM-based HEVs, researchers have not focused on the power electronic converters, therefore, simply used the backto-back (BB) converters which require 12 switches for the energy conversion [2] , [3] , [7] , [8] .
Considering the capability of the NS and FL converters for simultaneous supplying of two independent three-phase loads [26] - [29] , in this work, the conventional back-to-back converter used in the DMPM-based HEV is replaced with these converters in order to reduce the volume and cost by lowering the use of the semiconductor components and their accessories. Indeed, the innovation of this work is the combination of both EVT and NS/FL converters in order to reduce the size of the HEV as much as possible. With these converters, two outputs can be fed properly, the HEV can be operated well in the operational modes of the standard drive cycle, and the weight and the overall size of the system might be reduced.
II. DMPM BASED HEV A. DMPM OPERRATION PRINCIPLE
The DMP machines are a new generation of the electric machines with two mechanical ports and two electric ports. As shown in the Fig. 1 , these machines consist of two rotors and one stator. The stator is one of the electrical ports and has a three-phase winding. The outer rotor consists of a permanent magnet (PM) that composes a permanent magnet synchronous motor (PMSM) with the stator. The inner rotor also has a three-phase winding and is powered by a FIGURE 1. DMP machine structure.
brush and a slider ring. This rotor includes an electric port and a mechanical port, and it forms a double-fed induction generator (DFIG) with stator [2] . The electric port on the inner rotor balances the energy of the machine. It should be noted that the PM rotor could receive power from both electric parts. In fact, the torque and power in the air gap between the inner rotor, PM and stator are exchanged for the energy balancing purpose. In general, two independent inverters, which are connected back-to-back to a DC bus, are used to feed two electric ports. Depending on the relative speed of the two rotors, the DMP machine might experience different states [30] . The dynamic equations of the machine in the dq0 reference frame, which is rotated synchronously with the PM rotor, can be expressed as follows [2] . It is noted that since the performance of the proposed converters is the main aim of this paper, the simple dq0 model is considered.
where L s and L r , are self-inductances of the stator and inner rotor windings, r s and r r are resistors of the stator and inner rotor windings, L m is mutual inductance between the inner rotor and stator windings. λ m1 and λ m2 are the flux linkages produced by the PM-rotor in the outer and inner machines respectively, ω is outer rotor speed, and ω r is inner rotor speed. The electromagnetic torque developed on outer and inner rotors are respectively defined in [2] as (9) and (10) . Considering applied torque by ICE and imposed torque by wheels, the dynamic equations between different masses can be written as (11) and (12) . (12) where T out and T in , T ICE , and T load are the PM rotor, inner rotor, ICE and load torques, respectively. J in , J out , ω in , and ω out are the inertia and speed of the inner and PM rotors, respectively, and p is the number of the pole pairs.
B. DMPM APPLICATION IN HEVs
Fig . 2 shows the general mechanical section of a DMPM-based HEV. As it is shown, in a DMP-based HEV, the PM and inner rotors link to the wheels and ICE, respectively. In addition, due to the magnetic couplings of the different parts, there is no need for a planetary gear to synchronize them, which is most salient feature of this EVT. 
C. ENERGY MANAGEMENT OF DMPM BASED HEV
In general, demanded torque by the vehicle might be provided through two parts. One part is due to the interaction of the inner rotor and PM fields (T in ) and the other one is through the interaction between the stator and PM fields (T out ). When the ICE is turned on, its torque is converted to a negative torque between the PM and the inner rotor due to the interaction of their fields. This negative torque causes a current flow from the inner rotor winding to the battery. This power is then given to the stator windings and creates a stator field. Finally, the interaction of this field with the PM field applies a positive torque on the PM rotor and the wheels. The operating modes of a HEV can be classified as 1: Start-up, 2: Normal mode, 3: Acceleration, 4: Battery charge and 5: Braking. Assuming that the ICE operates at the high efficiency region, the probable states for the vehicle are examined as follows [30] . 1-The first state is the start-up mode. In this mode, the ICE is turned off for optimal efficiency, and the battery will start up the vehicle.
2-The second state is related to the acceleration mode. In this mode, the ICE is linked to the PM rotor and provides the larger part of the requested power by the vehicle. The other part of this power is provided by the battery and through the stator. In this mode, the battery is discharged.
3-The third state refers to the normal vehicle condition. In this mode, the demanded power by the vehicle is less than or equal to the ICE's power. If the ICE's power is higher than the demanded power, the excess power can be stored in the battery through the stator.
4-The fourth state is when the vehicle is in the recharge mode. In this mode, the ICE is responsible to provide the requested power by wheels as well as the required power for recharging of the battery. When the state of charge (SOC) of the battery is lower than the specified value, which is 40% in this paper, this mode will be activated.
5-The fifth state refers to the braking mode. In this mode, the acceleration value is negative, so the kinetic energy of the wheels (PM rotor) is recovered and stored in the battery. In this mode, the ICE should be switched off. 
III. PROPOSED CONVERTERS FOR DMPM BASED HEV
In conventional hybrid electric vehicles (including the DMPM-based HEVs), the BB converter topology shown in Fig. 3 is used for the bidirectional supply. As shown, each winding has its own converter, which means 12 switches are totally needed. In this study, two well-known converters with a reduced number of switches named nine-switch and five-leg converters are introduced and adopted for use in the structure of the DMPM-based HEV. Unlike the BB converter in which there is no shared part between outputs, in NS and FL converters the outputs are in common through a few switches as shown in Fig. 4 and Fig. 5 . Compared to the BB converter, the NS and FL converters have three and two fewer switches than the BB converter, respectively. It should be noticed that as conventional DMPM-based HEVs, a buck/boost DC-DC interface should be used between battery and DC terminal of the converters in order to regulate the DC link voltage as well as reducing the number required battery modules. 
IV. DMPM BASED HEV MODELING A. ENERGY MANAGEMENT SYSTEM MODELING
The identification procedure of the operation mode of the vehicle is shown in Fig. 6 [2] , where the mentioned modes are related to vehicle states described in Sec.II.C. Initially, the acceleration, which is equivalent to the gas pedal position pressed by the driver, along with the vehicle speed and SOC of the battery are measured. Then, according to the torque-speed characteristic of the vehicle, the maximum available torque in corresponding vehicle speed along with requested power by vehicle are calculated. Next, considering the applied constraints, the operation mode of the vehicle is obtained. Finally, regard to the operation mode of the vehicle and the efficiency characteristic of the ICE, the reference speed and torque of the ICE along with reference powers, which must be injected by ICE and battery, are calculated. If the ICE operates in this reference speed, its performance on the optimal line in efficiency curve can be guaranteed. The numbers assigned to the modes in Fig. 6 are related to the operational modes classified in section II.C. It should be noticed that in order to reduce the depth of charging/discharging of the battery and consequently, increase the life span of the battery, the lower and upper boundaries for SOC are respectively restricted to 40% and 80% [2] . 
B. CONTROL STRATEGY
The control strategy used in this paper is shown in Fig. 7 . As shown, the torque provided by the stator is calculated and compared to the reference value given by the energy management unit. The torque error is progressed through a proportional-integrator (PI) controller to generate the reference value for the q-axis stator current. At speeds less than the nominal speed, in order to achieve the maximum torque per current and the minimum current loss, the reference value for the d-axis current is set zero [2] , [3] . In this condition, the torque only is controlled by i qs . At the speeds above the nominal speed, however, as the electromotive force increases and the control of the vehicle is become difficult, a fluxweakening strategy is used [2] , [32] . Therefore, the value of the i ds is set to a negative value depending on the nominal current of the machine to create the flux-weakening effect. In practice, however, the permanent magnets can be demagnetized since the value of the d-axis flux is in opposition to the PM flux [33] , [34] . On the other hand, the actual speed of the inner rotor is measured and compared to the reference value given by the energy management unit and is given to the PI controller. The output of the PI controller is the reference current of the q-axis of the inner rotor winding i qr . According to the usage of the synchronous frame theory for the control strategy, the torque is controlled only by the q-axis current. Therefore, the reference current of the d-axis is zero. Then, the currents of the d and q axes for the stator and rotor are compared with the measured values of their respective currents. Finally, the difference between them passes through a PI controller to obtain the stator and the rotor reference voltages.
C. SPACE VECTOR MODULATION 1) SVM FOR CONVENTIONAL BB CONVETER
In a six-switch converter, in general, we have 32 switching states depending on the positions of the three top switches of each leg. By removing the undefined states, six active vectors and two zero vectors, as shown in Fig. 8 , are remained. In each switching cycle, according to the reference voltage obtained from the control section, the corresponding sector is firstly identified. Then the reference vector is constructed using its adjacent vectors and based on the time length for each adjacent vector, which can be calculated using the following expressions.
where t 1 , t 2 , and t 0 are the time lengths of the first adjacent, the second adjacent and zero vectors, respectively. t s is switching period, m is modulation index, α is the angle of the reference voltage, V ref is the magnitude of the reference voltage and V dc is the voltage of the DC link. It should be noticed that there is a freedom in selection of the type and position of the zero vectors in the vectors sequence. The sequence of vectors must be so that the least change in the status of the switches and consequently in the switching losses can be achieved. 
2) SVM FOR PROPOSED NS CONVERTER
In this converter, since two AC outputs are common in three intermediate switches, it is somewhat difficult to control the load autonomously [23] . To overcome this limitation, this paper uses a sequential switching method [23] . In this method, for independent performance of two outputs, a part of the switching period is assigned to the first output and the rest for the second output. The zero vectors are also divided between two outputs. The different states for each leg are shown in Table 1 . U, M, and L are subscripts for the upper, middle, and lower switches of each leg, respectively. In general, this converter has 21 valid switching states as show in Table 2 . Fig. 9 shows the active vectors of the first and second outputs in polar coordinate. In this converter, sector which the reference vector of each output is located, should be firstly calculated. Then, the adjacent vectors of each reference vector must be identified and switched to a specific time for each output. The time length assigned to each vector is calculated as following. 
3) SVM FOR PROPOSED FL CONVERTER
In this converter, two outputs are common in one leg [28] , which makes it difficult to control the load independently. However, this problem will be fixed by using the sequential switching for this converter as well. This converter has 32 acceptable switching states as shown in Table 3 . These 32 switching states make 32 vectors in a polar frame for both outputs, including 24 active vectors and 8 zero vectors. Among these vectors, 12 vectors are individual vectors, which create active vector in one of the outputs while create a zero vector for another output. Fig. 10 illustrates these active and zero vectors for both outputs in the polar frame. Like two previous converters, in this converter, the adjacent vectors are identified after determining the sector in which the reference vector of each output is located. The time assigned to each adjacent vector can be calculated by (17) to (23), which were used for NS converter.
V. COMPONENT REQUIERMENTS A. DC LINK VOLTAGE
As it is mentioned earlier, in sequential switching method used in NS and FL converters, the switching period is divided in two parts depending on the amplitude and phase of the reference voltages. This means unlike the BB converter in which the DC-link energy is simultaneously available for both outputs, in NS and FL converters, each output is connected to the DC-link only for a fraction of the switching period. Therefore, in order to achieve same voltages at the outputs of the NS and FL converters in comparison with the BB converter, higher DC-link voltage should be used. Considering the time lengths assigned to the adjacent vectors, which in total should be equal or less than the switching period, the required value for DC-link voltage in NS and FL converters can be calculated as follow:
Considering (17) - (20), it can be re-written as:
Eq. (25) is maximum when:
Substituting (26) into (25) yields:
Considering (22) and (23):
From (28), in order to have the same maximum achievable output voltages, larger DC-link voltage is required in the NS and FL converters compared to the BB converter. This means, with the same DC-link voltage, the maximum achievable voltages in NS and FL converters would be less than the BB converter.
B. POWER SWITCHING RATING
In order to compare the rating of the power electronic components in different topologies, the current flow paths at different operational modes should be analysed. Unlike the BB converter, in which stator and rotor side converters have independent current flow paths, in the NS and FL converters depending on the operational modes, current might pass through some common switches between stator and rotor side converters. As it is shown in Fig. 11(a) , switches located in upper and lower ports of the BB converter experience stator and rotor side currents, respectively. This means the rating of these switches depend on the rated current of the stator and rotor windings, which might pass through. For NS converter, switches would experience different currents depending on the applied vectors to the upper and lower ports, as shown in Fig. 11(b) . In DMPM based HEV applications, the upper and lower ports can be connected to the stator and rotor windings, which may operate as source or load. Therefore, in order to determine the rating of the switches, all five operational modes of the DMPM based HEV mentioned in section II.C, must be considered. Instantaneous currents flowing through the switches located in leg A are shown in Fig. 12(a) . The rating of the middle switches can be determined from the maximum current between i s and i r . On the other hand, for the top and bottom switches, sum of the stator and rotor currents should be considered. Depending on the operational modes, these currents could have different specifications as summarized in Table 4 . Since the stator and rotor side ports experience different frequencies, the maximum current that should be selected for the current rating of the bottom and top switches is equal to I smax + I rmax [35] , [36] .
Same justification can be used for switches in shared leg of the FL converter as shown in Fig. 11(c) . The maximum current that would pass through the both switches is i s + i r , as shown in Fig. 12(b) . Considering Table 4 , the current rating of these switches would be I smax + I rmax . For individual legs of FL converter, the current rating of the switches can be determined like BB converter. Components requirement for different topologies is summarized in Table 5 , where I w−srated and I w−rrated are nominal currents of the stator and inner rotor windings, respectively.
C. LOSS COMPARISON
In BB converter, switches pass stator current or inner rotor current at any moment of the time. Therefore, the loss calculation of this converter can be performed easily. However, in NS and FL converters, the switches might experience stator current or rotor current or both, making the switching loss calculation complicated. Therefore, in this paper, the switching loss comparison is performed approximately. Referred to [23] , the switching loss for different topologies can be summarized as Table 5 , where E ON and E OFF are wasted energy while switches are being turned ON and OFF, and E rr is wasted energy when diode is being turning OFF with current I n and voltage V n . For this purpose, the same operational mode and same transition states (100 to 011 for both outputs) are applied to the different topologies. Then, in order to calculate the switching loss, the instantaneous currents, which should be interrupted and conducted by each switch during the two sequential switching periods, is identified. As it is shown in Table 5 , the switching loss of the NS and FL converters can be less than BB converter depending on the nominal currents of the stator and inner rotor windings. However, due to the use of higher DC-link voltage in these topologies, the switching loss reduction caused by currents might be neutralized.
Considering same specifications for switches in different topologies, the conduction loss is proportional to the instantaneous current flowing through the switches [35] , [36] . For BB converter, the instantaneous currents of the upper and lower ports are related to the currents of stator and rotor windings. In NS converter, as shown in Fig. 12(a) , the upper and lower switches might experience instantaneous currents more or less than the BB converter's currents, depending on the amplitude, polarity and frequency of the stator and rotor currents. The individual legs of FL converter would have the same currents as BB converters, although the switches located in shared leg might experience instantaneous currents less or more than the BB converter.
VI. SIMULATION VALIDIATION USING STANDARD DRIVING CYCLE
For effective analysis of the proposed structures, a standard drive cycle that contains all operating modes of the HEV is considered. For this aim, using the U. S. Department of energy (DOE) report [37] , which examines the Toyota Prius, this standard drive cycle for simulation with same parameters as [2] , is derived as shown in Fig. 13(a) . From Fig. 13(b) it can be seen that the required torque of the wheels is proportional to the input acceleration. In the braking mode, this torque is negative. To obtain the amount of the power required by the vehicle at the desired speed and the acceleration, simply multiply the mechanical speed of the vehicle in radians per second by the torque obtained in the previous section (See Fig. 14(b) ). As it can be seen in Fig. 14(a) , the vehicle's operating modes might vary from 1 to 5, as described in section II.C. As it is shown in Fig. 15 , when the acceleration and the torque are positive, the velocity increases and in the braking modes (moments when acceleration are negative) the velocity decreases. In comparison with the results presented in [37] , which is the related results for the vehicle speed in DOE report, the accuracy of the results obtained from DMP-based HEV in presence of BB, NS, and FL converters can be verified. It should be noticed that since the results of the vehicle speed and the operational modes are the same in three scenarios, only one of them has been mentioned in this section. According to Fig. 16 , it can be seen that the vehicle works well in the presence of all three converters and follows the reference torque. The areas indicated with the red doted circles in Fig. 16(a) show the moments when the acceleration is close to zero, and therefore the output torque goes to zero. As it is depicted in Fig. 17 , the ICE is off at the beginning of the drive cycle in accordance with the operating modes. Gradually by accelerating the vehicle and reaching to a certain speed and power, the ICE is linked and provides larger part or all of the requested power by the vehicle. In the areas indicated with the red doted circles in Fig. 17(a) since the acceleration is negative for a short time, the ICE is turned off. As the speed of the vehicle has not been reduced, the ICE re-lights up as the acceleration progresses. As shown in Fig. 18 , the stator torque is positive in modes 1 and 2, where the battery can be pulled up, and in the mode 5, which is a braking mode, the power flows from the wheels to the battery, the stator torque is negative. The points highlighted in Fig. 18(a) are the moments in which the stator torque is affected by the ICE ignition. In time interval between 10 to 38 seconds (mode 3) in which the requested torque by the vehicle is less than the applied torque by the ICE, in order to maintain the ICE in the VOLUME 7, 2019 optimal performance zone, the ICE surplus torque is stored in the battery through the inner rotor winding as energy. As it can be seen, due to use the higher DC-link voltage for NS and FL converters, the torque ripple of these converters are more than the BB ones. Fig. 19 shows all generated torques by ICE, stator, and wheels in one frame. As it can be deduced, the sum of the ICE torque and stator torque is equal to requested torque by the wheels. As shown in Fig. 20 , the DC link voltages of three converters are constant and have small voltage ripple.
VII. CONCLUSION
In this paper, the DMPM and its placement in the structure of HEVs were firstly introduced. Then, with the introduction of the nine-switch and five-leg converters, modeling of complete system including the energy management unit is presented, followed by the control strategy and the space vector modulation schemes for different topologies. Finally, using a standard drive cycle, the performance of the DMPM-based HEV was investigated in the presence of three converters. The simulation results show that with the NS and the FL while reducing the overall size and the weight of the system by reducing the number of switches and their accessories, the vehicle follows the drive cycle as closely as a conventional BB converter. However, compared to the BB converter, higher DC-link voltage is required in these topologies in order to have same maximum achievable output voltages. It is found that the NS and FL converters might have less switching loss than BB converter depending on the current rating of the stator and inner rotor windings. He has published more than 175 articles in different journals and international conferences. He has published six books as an author or an editor. His research interests include power system stability and control, electrical machine, FACTS, energy storage systems (ESS), renewable energy, and HVdc systems. He has been a Keynote Speaker and an Invited Speaker at many international conferences, workshops, and universities. He serves as an Editor/an Associate Editor for many prestigious journals from IEEE, IET, and other publishers, including the IEEE TRANSACTIONS OF SUSTAINABLE ENERGY, the IEEE POWER ENGINEERING LETTERS, IET Renewable Power Generation, and IET Generation, Transmission and Distribution. He is a Fellow of Engineers Australia.
